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To valorize nutrient rich streams at wastewater treatment plants, installations of full-scale 
phosphorus removal with struvite precipitation processes is increasing. Utilities are increasingly 
understanding the necessity for higher levels of nutrient removal due to the regulatory pressures 
and the up and coming stringent discharge limits. To subsidize some of the operational costs and 
reap environmental and economic benefits while installing advanced biological nutrient removal 
processes, utilities are also migrating to nutrient recovery processes focused especially on 
struvite crystallization and recovery.  
Extractive nutrient recovery processes are usually coupled with enhanced biological 
phosphorus removal processes to reduce the scaling potential of resulting phosphorus rich 
streams. The increased availability of phosphorus in sludge handling liquors during anaerobic 
conditions, along with the presence of magnesium and ammonium ions, can lead to unwanted 
precipitation of struvite at even slightly basic pH conditions. To get rid of unwanted encrustation 
due to struvite, crystallization techniques to recover struvite from such streams require extensive 
capital investments. Utilities are employing these side stream phosphorus recovery processes 
without a clear understanding of the advantages and drawbacks of different reactor designs and 
process configurations. Although all full-scale processes can achieve a basic level of phosphorus 
removal (>80%), the supplementary benefits to utilities in terms of product quality, production rate, 
phosphorus handling capacity, operational costs, etc. can significantly vary.  
In this study, segregation between secondary crystal growth and fines generation during 
struvite crystallization was explored. The effects of initial supersaturation and seed loading 
concentrations on phosphorus removal kinetics and struvite solids distribution were studied using 
batch experiments. The kinetics of struvite precipitation with high seed loadings was also 
investigated and compared using literature data and modeling techniques.  
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Our results show that phosphate removal was dependent on initial supersaturation and 
not the mass of seed crystals in the reaction vessel. Struvite fines represented the majority of 
struvite solids that were formed in all but 2 experiments. Assuming that is true for full-scale 
processes as well, capital and operational costs, and the associated risks must be accounted for 
due to the formation, capture and loss of struvite fines before re-introduction into the biological 
process. Experimental results also show that the percentage removal of total phosphate 
associated with struvite fines and the kinetic rate of phosphate removal are both dependent on 
initial supersaturation and seed loading concentrations. The rate of struvite mineral formation 
must be able to capture the available surface area for crystal growth to take place. Current 
modeling techniques need to segregate fines and seed growth kinetics to better reflect the reality 
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Phosphorus (P) is an intrinsically important non-renewable nutrient which is central to the 
regional and global dialogues on resource recovery and food security.1 Peak P production has 
been predicted to occur sometime around 2030.1 With the rising world population and 
intensification of agricultural practices based on P fertilizers, especially in developing countries, 
the existing reserves of P rock can very well be exhausted in the next 50-100 years.1–3 The world 
phosphate fertilizer demand is expected to grow at a rate of 2.2% annually between 2014 and 
2018.4 It is estimated that 22% of the total global P demand in 2009 could have potentially been 
satisfied through the P available in human urine and feces.5 But most of the human waste is 
usually discharged and ends up in waterways. To partially balance this offset, P is being 
increasingly removed and recovered through valorization of nutrient rich streams at water 
resource recovery facilities (WRRFs).6 Efforts to realize the needs and merits of numeric nutrient 
criteria are also gaining momentum across the U.S, especially for P and Nitrogen (N).7 Although 
traditional chemical precipitation techniques based on ferric chloride, alum or other metal salts 
remove P, the recovery of P from the sludge is highly reduced due to reduced bioavailability.8 
Instead of accumulation into biosolids, recovery of P has the potential to reduce economic and 
environmental costs related to chemicals usage, sludge disposal and handling.8,9  To meet the 
stringent discharge limits while also generating the potential for P recovery, utilities are gradually 
migrating to the implementation of Enhanced Biological Phosphorus Removal (EBPR) processes 
at Biological Nutrient Removal (BNR) plants.7,10  
In BNR plants, the potential for undesirable mineral scaling and precipitation is increased 
during downstream processes. Excess P is released in sludge-handling liquors during anaerobic 
conditions.8,11,12 Presence of NH4+ and Mg2+ ions along with increased pH due to turbulence-led 
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CO2 loss, especially in pipe bends and recirculation pumps, leads to the unwanted precipitation 
of struvite.13–15 Instead of being a nuisance, controlled struvite precipitation is progressively being 
seen as an economically and environmentally friendly pathway to remove and recover 
phosphorus. By exploiting the kinetics of struvite formation, EBPR works in a synergistic 
relationship with side stream nutrient recovery processes by reducing nutrient cycling within 
wastewater treatment plants (WWTPs).16 Current full scale phosphate recovery processes such 
as Ostara Pearl, NuReSys, AirPrex, Phosnix and PHOSPAQ employ either fluidized beds or 
completely stirred tank reactors to achieve struvite recovery.17 Although a P removal efficiency of 
80-90% can be achieved across all the processes, the operational costs, influent P concentrations 
(60-900 mg PO4-P/L), target waste streams (centrate/sludge/effluent), production rate (0.5-4 
tons·day-1 of final product), product quality and solids content can vary significantly.9,17 With an 
increase in extractive nutrient recovery installations,6 utilities are making big investments in side 
stream P recovery processes without a clear understanding of the true benefits of different 
designs and processes. 
Plant savings associated with struvite precipitation reactors are highly sensitive to the 
ability to collect all of the struvite solids that are formed. Yet, partitioning between struvite seed 
crystals and colloidal struvite fines is poorly understood. Besides the growth of struvite seed 
crystals, struvite fines can also be produced due to primary and secondary nucleation.14,18 In 
fluidized bed reactors with high recycle ratios, the difference in upflow and settling velocity could 
lead to the washout of suspended struvite fines from the top of the reactors. Loss of fines is a 
major operational concern due to the associated challenges of decreased struvite production rate, 
economical losses and increased phosphorus recycle load as they can re-dissolve.19–21 Crystal 
growth models for struvite precipitation usually assume minimal or no nucleation, and lump 
struvite fines kinetics into secondary crystal growth rate expressions.18,22 Excess production of 
struvite fines or their loss from the reactors can also effect the validity of modeling assumptions 
and predictions for struvite crystal growth and recovery. To better navigate the tradeoffs between 
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benefits and costs of installing nutrient recovery processes for struvite precipitation, the factors 
affecting the intrinsic relationship between removal and recovery efficiencies need to be better 
understood.  
The objective of this work was to investigate the influence of solution supersaturation and 
mineral seed loading on struvite solids distribution (i.e., fines vs secondary crystal growth) and 
precipitation kinetics. Batch experiments were conducted at multiple seed loading and initial 
supersaturation (Si) points using synthetic wastewater containing struvite precipitating ions at 
average digestate concentrations. Experimental results were used to explore and understand the 
balances between removal and recovery in struvite precipitation processes. Experimental data 
was also used in current modeling techniques to better understand the efficiency and validity of 





























2.1 Need for P removal and recovery 
P is an indispensable, non-renewable and geographically concentrated resource. There 
is no known substitute for P based fertilizers in agricultural industry.23 Until the end of 19th century, 
agricultural fields were mostly fertilized using P derived from animal and human excreta.24  But 
with a rapid increase in global population and thereby, demand for food production, P fertilizers 
derived from phosphate rock have become an integral part of farming practices.24 Increased crop 
cultivation area and advancements in irrigation technologies during the Green revolution further 
necessitated the dependence on industrial P fertilizers.25 Annually, 20 million tonnes (Mt) of P is 
mined globally from phosphate rock.26 And approximately 19 Mt of that P is used for food 
production alone.27 The increase in price and demand for P based fertilizers, in tandem, with the 
depreciating quality and decreasing quantity of P rock reserves is a cause for concern.1 The 
uneven global distribution of P rock reserves, with just 5 countries (Morocco, Iraq, China, Algeria 
and Syria) accounting for about 90% of it,23 can also potentially create issues of P accessibility 
and food security. 
The ease of application and lack of cheap organic substitutes has made the use of P 
based fertilizers widespread.28 But the inefficiencies in P recycling and management practices 
have led to P losses to the environment during mining, fertilizer production and application, 
livestock rearing, food processing, consumption and excretion.29 Only 20% of the P mined for 
food production makes it to human food while most of it is lost to surface runoff, soil erosion and 
crop residues.1,30 Excess use of fertilizers has led to widespread eutrophication and toxic 
cyanobacteria blooms, damaged marine fisheries and impaired water bodies, and has adversely 
affected biological diversity and water quality. 28,30 Over-fertilization and eutrophication associated 
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dead zones have been reported at 400-plus locations worldwide.31 The losses in recreational 
water usage, waterfront real estate, spending on recovery of threatened and endangered species, 
and drinking water amount to about $2.2 billion annually due to eutrophication in U.S. freshwaters 
alone.32  
In 2004, about 7.2 million tons of biosolids produced at wastewater treatment facilities in 
the U.S. were beneficially used or disposed. And about 41% of those biosolids were used on 
farmlands for agricultural practices.33 The recycling of P by applying manure and biosolids to 
agricultural lands helps leverage their intrinsic value and makes nutrients and organic matter 
bioavailable to soils.34 It also helps in plugging some of the leaks in the environmental P cycle. 
But due to the presence of pathogens, heavy metals and persistent organic pollutants in biosolids 
and sludge, concerns about the associated environmental and health risks are increasing.35 The 
P entering the municipal wastewater treatment industry is estimated to be 0.60 Kg P capita-1 y-1 
from human waste, 0.30 Kg P capita-1 y-1 from laundry detergents and 0.10 Kg P capita-1 y-1 from 
other household cleaning products.12 Municipal wastewater treatment industry, while handling 
about 32,000 MGD of flow daily,36 has a lot of potential to more effectively leverage the value of 
nutrient rich streams being treated at their facilities. Recovery of P from WWTPs provides avenues 
for decreasing nutrient pollution in surface water streams while also decreasing the dependency 
on P rock reserves. WWTPs are slowly transitioning into water resource recovery facilities 
(WRRFs) from a singular focus on discharge standards and nutrient removal to a multifaceted 
responsibility for achieving energy recovery, nutrient recovery and resource recycling.37–39  
 
2.2 P recovery as struvite 
Since 1937, WWTPs have been dealing with nuisance caused due to unwanted scaling 
and encrustation in side stream conduits, pipes and recirculation pumps.40,41 Instances of pipe 
blockages and precipitation in digested sludge supernatant lines due to struvite mineral formation 
have been reported at many WWTPs.14 Struvite is a tenacious crystalline mineral that is 
	 6	
composed of magnesium, phosphate and ammonium ions and easily gets deposited at high pH, 
under the right conditions. Solutions ranging from dilution of digested sludge stream to acid 
washing of pipes encrusted with struvite have previously been used at WWTPs to deal with 
struvite.14 Chemical precipitation techniques which remove P using ferric chloride, alum or other 
metal salts also help decrease the precipitation potential for struvite by decreasing the PO4-3 ion 
concentrations. But chemical precipitation also leads to increased volumes and decreased 
biodegradability of sludge.42  The recovery of P from the sludge and its bioavailability is also highly 
reduced, making beneficial reuse harder.8  
As of 2016, 23 states in the U.S. had some level (Level 2 – Level 5) of EPA-approved 
numeric total N and total P criteria for different watertypes (epa.gov). The recent emergence of 
stringent guidelines and numeric discharge limits, especially for P and N, has led to the adaptation 
of advanced BNR processes at WWTPs.30 EBPR is being increasingly used at BNR plants as a 
cost-effective substitute for chemical P removal and to meet the up and coming stringent nutrient 
discharge limits.12 Leveraging polyphosphate accumulating organisms (PAOs) under alternating 
anaerobic and aerobic/anoxic conditions, EBPR has been shown to achieve a P removal 
efficiency of 90-99% for different wastewater streams.43 But the increased availability of P in 
sludge handling liquors during anaerobic conditions, as P stored in Poly-P and that present in 
organic matter is released, can further promote mineral scaling of struvite.8 Instead of being a 
nuisance, controlled struvite precipitation is progressively being seen as an economically and 
environmentally friendly pathway to recover phosphorus that would have otherwise been lost in 
the environment via landfills and incinerators. Besides the potential to be used as a fertilizer, 
controlled struvite precipitation also helps in regulating the P and nitrogen (N) load in a WWTP. 
Effective recovery of P as struvite leads to significant savings in terms of decreased sludge 
handling and disposal costs.8,9 Recovery of P instead of accumulation in biosolids also has the 
potential to reduce sludge generation by up to 49%.8 Recovery of P as struvite is economically 
and environmentally beneficial because of the range of benefits associated. 
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2.3 Struvite chemistry 
Struvite is a white crystalline mineral with a distinct orthorhombic structure. It is composed 
of magnesium (Mg2+), ammonium (NH4+) and phosphate (PO43-) ions is an equi-molar ratio. 
Struvite formation can be described using the equation below: 
 
Mg2+ + NH4+ + HnPO43-n + 6H2O ® MgNH4PO4·6H2O + nH+                                                       (1) 
 
The solubility and precipitation potential of struvite can be better explored by understanding the 
thermodynamic solubility product (Ksp) of struvite. Ksp is defined as the product of the activities of 
the struvite forming ions at equilibrium. The values of pKsp reported in literature vary from 9.41 to 
13.36.44 The minimum solubility of struvite has been reported to occur at a pH of 10.345 and 
10.746,47. The difference in values of Ksp and minimum solubility pH can largely be attributed due 
to differences in wastewater types and consideration of the different possible ion-ion interactions. 






                                                                                                          (2) 
 
where {} represents the activity of any ion and S is supersaturation. Relative supersaturation (s) 
can defined using the equation: 
 
s = S -1                                                                                                                                                  (3) 
 
If the value of S > 1, the solution is called a supersaturated solution with respect to struvite. If the 
value of S < 1, the solution is undersaturated with respect to struvite. Similarly, if the value of s is 
> 0, struvite precipitation is thermodynamically favorable. And if the value of s is < 0, struvite 
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precipitation is not thermodynamically favorable. The value of S is strongly dependent on the pH 
of the solution because of the pH dependent speciation.45 The solubility of struvite decreases with 
an increase in pH, which causes the increase in precipitation potential for struvite formation.45,48 
Precipitation and growth of struvite has been shown to be dependent on a number of physio-
chemical factors: pH, S, temperature, co-ions, mixing energy.45,49–51  
 
2.4 Competing minerals and ions 
Although struvite precipitation has been shown to occur at various pH values (pH 7-11), 
relative concentration of co-ions under the right pH conditions can further lead to precipitation of 
other minerals, besides struvite.52 Magnesium phosphate species such as newberyite 
(MgHPO4·3H2O), bobierrite (Mg3(PO4)2·8H2O), cattiite (Mg3(PO4)2·22H2O) and calcium 
phosphate species such as HAP (Ca5(PO4)3(OH)), ACP (Ca3(PO4)2·xH2O), OCP 
(Ca8(HPO4)2(PO4)4·5H2O), brushite (DCPD, CaHPO4·2H2O), monenite (DCP, CaHPO4) can exist 
under varying conditions. While significant precipitation of newberyite takes place at high 
concentrations of Mg, P and at pH < 6, struvite has been shown to precipitate at above neutral 
pH (pH>7) and Mg/Ca ratio >0.6.15 In another study, while Mg made only 40% of the total cationic 
concentration (remaining was 60% Ca), struvite precipitation was still dominant.52 Struvite 
precipitation of high purity (>98%) is expected to occur where Mg:Ca > 4:1 and pH > 7.9. But 
precipitation of other minerals such as HAP, brushite and newberyite might occur if pH < 7.5 or 
Mg:Ca < 4:1.52 Although HAP is the most thermodynamically stable Ca-P phase, precipitation of 
DCDP at pH < 7 and precipitation of ACP at higher pH has been seen in supersaturated solutions. 
But species such as ACP, DCDP and OCP, which act as precursors to HAP precipitation, can 
eventually transform to HAP.15 Presence of high Mg concentration (Mg/Ca molar ratio > 4) has 
been shown to have an inhibitory effect on HAP growth, while promoting ACP formation instead 
of HAP.15,53,54  
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Thermodynamics based predictions, excluding the physiochemical differences in 
formation of minerals, do not accurately predict mineral formation.52 The faster nucleation kinetics 
of Ca-P species as compared to Mg-P species leads to production of floc-like structures with small 
crystallites and lower settling characteristics. The enhanced growth into larger particles due to 
slower kinetics of Mg-P specie (such as struvite) and better settling characteristics promotes their 
industrial application.50,52,55 Effective precipitation of struvite occurs at pH values of 8 and above 
while precipitation of HAP has been shown to occur at pH values of 9.5 and above.14,56,57 Mg:Ca 
ratio greater than 0.6 and Mg:P ratios between 1.1:1 and 1.3:1 have been shown to promote 
precipitation of struvite of higher purity.11,13,15,52 Since pure HAP precipitation requires Mg:Ca < 
1:9 and the pH is usually less than 9.5 at WWTPs,52 focus on struvite precipitation is of major 
concern at WRRFs. 
 
2.5 Struvite nucleation and crystal growth 
Precipitation of struvite occurs primarily through nucleation and crystal growth, like all 
crystallization processes.58 Primary nucleation is the generation of nuclei in the absence of foreign 
particles or crystals (homogeneous nucleation) and formation of nuclei in the presence of foreign 
particles (heterogeneous nucleation). The nucleation induced due to the presence of crystals of 
the same substance is called secondary nucleation.59,60 Induction time can broadly be defined as 
time taken to observe the presence of crystals once the solution is supersaturated.59 Induction 
time has been shown to be a mostly reaction-controlled process as it largely depends upon 
supersaturation. The effect of mixing energy as compared to supersaturation is minimal.49 The 
effect of supersaturation on induction time (tind) can be better understood using the equation: 
 
log 𝑡:;< = 	
>
(@A$ B)%
− 𝐵                                                                                                                 (4) 
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where A and B are empirical constants. This inverse relationship between induction time and 
supersaturation has been explored in multiple studies.28,61,62 The nucleation of struvite is 
suppressed if the solution is in the metastable region. Metastable region is defined as the region 
between solubility and supersolubility curves and can be qualitatively characterized by the 
presence of a large induction time.62,63 Metastability for struvite has been explored in only one 
study, without the use of any seed loading.62 Besides nucleation, struvite precipitation/formation 
also proceeds through secondary growth on the induced nuclei and added seed crystals, 
aggregation and breakage of particles present in the solution.64,65 
 
2.6 Full-scale P recovery processes 
By exploiting the fundamental chemistry of struvite formation, many full-scale P recovery 
techniques have been developed. Some of them are briefly summarized below. 
 
2.6.1 Ostara Pearl 
Ostara Pearl reactors utilize upflow fluidized bed reactors to recover struvite, which is then 
marketed and sold as Crystal Green®. Ostara currently has 14 worldwide commercial installations. 
Ostara treats the sludge dewatering liquid, which is characteristically rich in P, by using chemical 
addition (MgCl2 and NaOH) to crystallize struvite under controlled conditions. While achieving an 
average P removal efficiency of 85% for an influent load of about 100-700 mg PO4-P/L, struvite 
pellets of size 1 to 4.5 mm in diameter can be grown inside the reactors.17,20,66 Treating an average 
input flow of 500 m3·day-1, Ostara reactors are able to produce 0.5-4 tons of final product per 
day.17 The operational pH is relatively low (6.9-7.2 in some cases)21,66 inside the Ostara reactors, 
which corresponds to a lower value of supersaturation. Utilizing a high recycle ratio inside fluidized 
bed reactors with different zones having different sizes, a better classification of struvite based on 
particle size is produced. The larger size struvite prills are continuously harvested from the bottom 
of the reactor. WASSTRIP® further complements the Pearl process by releasing and diverting P 
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from the sludge stream before it reaches the anaerobic digester. Optimal recovery of struvite is 
increased by releasing the P upstream and diverting it directly to the Pearl reactors. Through 
saving associated with chemicals use, sludge disposal, maintenance and revenue from the sale 
of Crystal Green®, capitals costs can be recovered in 5-10 years (ostara.com).  
 
2.6.2 NuReSys 
NuReSys process utilizes a completely stirred tank reactor (CSTR) to recover struvite, 
which is then marketed and sold as BioStru®. NuReSys process can treat anaerobic digestion 
effluent and digested sludge using a combination of a stripper and a crystallizer tank. The pH and 
the concentration of the dissolved insoluble P is increased by air stripping in the stripper, followed 
by addition of chemicals (MgCl2 and NaOH) in the crystallizer to drive the precipitation of struvite. 
P removal efficiency of 85% for an influent load of about 60-150 mg PO4-P/L can be obtained 
while struvite pellets of size 1 to 3 mm in diameter can be grown inside the reactors.17,67 Treating 
an average input flow of 1920-2880 m3·day-1, NuReSys process is able to produce 1.43-1.58 tons 
of final product per day.17 Equipped with a simple blade impeller and automated controls, the 
process operates in a pH range of 8-8.5 with varying mixing intensity.9,17,67 The BioStru® produced 




AirPrex process treats digested sludge before dewatering with the help of a cylindrical 
reactor to recover struvite. Using an inner cylindrical zone which is mixed by air upflow, the pH is 
increased by stripping CO2 from the digested sludge. Along with the addition of MgCl2, the internal 
recycle helps the struvite crystals grow before they are removed from the bottom of the reactor. 
P removal efficiency of 80-90% for an influent load of 150-250 mg PO4-P/L can be obtained.17 
Treating an average input flow of 1680-2000 m3·day-1, AirPrex process is able to produce 1-2.5 
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tons of final product per day.17 Besides decreasing the potential for struvite scaling, the process 
also helps in decreasing sludge production by improving sludge dewatering capacity. A 15-20% 
decrease in the required cationic polymers for dewatering and a 22-25% increase in the solid 
content of the dewatered sludge has also been reported.68 The economic benefits because of 
reduced sludge volumes and lower transportation and disposal costs are increased.9,17 
 
2.6.4 Phosnix 
The Phosnix process is a side stream process that treats wastewater after digestion or 
sludge treatment to produce struvite in a fluidized bed reactor. Air stripping with the help of blower 
helps in fluidizing the granulated struvite seeds for crystal growth. Mg:P ratio of 1:1 and a pH 
range of 8.2-8.8 is maintained using Mg(OH)2 and NaOH, as the wastewater is fed into the bottom 
of the reactor.69 P removal efficiency of 90% for an influent load of 100-110 mg PO4-P/L can be 
obtained. Treating an average input flow of 650 m3·day-1, Phosnix process is able to produce 0.5-
0.55 tons of final product per day.17 While struvite pellets of size 0.5-1 mm in size are produced, 
the recycling of fines to the reaction column from the separated liquid helps in providing new sites 
for crystal growth.69 The recovered struvite product is further treated and mixed with other 
inorganic and organic materials by fertilizer companies for use as a chemical fertilizer.70 
 
2.6.5 PHOSPAQ 
The PHOSPAQ process utilizes a completely aerated and agitated CSTR reactor to 
produce struvite by treating sludge dewatering reject waters and anaerobically treated industrial 
effluents. The process eliminates the need for NaOH addition by using MgO instead of MgCl2 to 
drive the struvite precipitation.71,72 P removal efficiency of 80% for an influent load of 60-65 mg 
PO4-P/L can be obtained. Treating an average input flow of 2400-3600 m3·day-1, PHOSPAQ 
process is able to produce 0.8-1.2 tons of final product per day.17 The stripping of CO2 helps 
increase the pH of the system to about 8-8.5 while keeping the smaller crystals in suspension for 
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further crystallization.72 The process uses specially designed internal separator for struvite 
crystals retention. The produced crystals of size 0.7 mm are then used for producing bespoke 
agricultural fertilizers.72,73 The dry matter content of 55-65% in the collected struvite increases to 
about 70% during storage.71 
 
2.7 Modeling struvite precipitation 
Modeling struvite precipitation ideally involves consideration of a number of factors and 
phenomena: solution thermodynamics, ionic interactions, nucleation, crystal growth, particle 
agglomeration, breakage, reactor hydrodynamics and kinetic parameters. A number of kinetic 
studies have been conducted to better understand the precipitation kinetics of struvite. 
A two-step crystal growth rate model was used to explore the crystal growth of struvite in 
a bench-scale fluidized bed reactor.62 The growth rate of struvite was shown to be mainly a 
transport controlled phenomena. Using mass transfer coefficient (kd) and surface reaction 
coefficient (kr), a linear crystal growth rate model for struvite was studied using a relative 
supersaturation dependent expression. Assuming a 2nd order kinetics of the surface reaction step, 








                                                                                                                               (5) 
 
where G’ is the linear growth rate (m·s-1). The growth experiments were conducted in the 
metastable region (explored in the absence of seed crystals) while nucleation was neglected. 40 
g of struvite seeds with a mean particle size of 1.25 mm were used for growth experiments at a 
constant pH of 8.07. 
Struvite precipitation models for fluidized bed reactors have been studied using 
precipitation kinetics and reactor hydrodynamics.22,74 For steady state operations, variation in 
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concentration of struvite constituent species and particle size with the height of the reactor was 
mathematically explored through the model. The crystal growth rate of struvite was determined 
using conditional solubility product74 and thermodynamic solubility product22. A chemical 
speciation model considering the different ionic interactions between the species present was 
also combined with the reactor model.22 While Davies equation was used to calculate the activity 
coefficients, Van’t Hoff equation was used to modify equilibrium constants for different species. 
In this model, the growth rate was expressed as: 
 
𝐺 = 𝑘sN                                                                                                                                         (6) 
 
where G is the linear growth rate for struvite crystals (m·s-1), k is the rate constant, s		is relative 
supersaturation and n is the order of the reaction. The concentration and particle size gradients 












𝐺                                                                                                                            (8) 
 
where a\ is the liquid volume fraction (bed voidage), A is cross-sectional area of the reactor, a is 
volume factor, L is crystal diameter, b is surface factor, r]	is the density of struvite (kg·m
-3), MWs 
is the molecular weight of struvite, Ci is concentration of species ‘i’, H is height and N is number 
of seed crystals added per unit time. Primary nucleation was neglected while secondary 
nucleation and agglomeration was lumped to determine the overall crystal growth rate and particle 
size distribution. After model evaluation and calibration using seed crystals of size 300 and 350 
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µm, the value of k and n were determined to be 46 (units not mentioned) and 1.48, respectively. 
Struvite seed crystals were added in the seed hopper over time to ensure steady state conditions. 
Struvite precipitation in a pilot-scale fluidized bed reactor has also been modeled as a 
continuous feed stirred-tank reactor (CFSTR).48 Batch experiments were conducted to determine 
the kinetic parameters. Conditional solubility product (Ps) was used to for model evaluation. 
Struvite Ps can be defined using the expression: 
 
𝑃] = 𝐶`	Xa 𝐶`	[Q- [𝐶`	cd)]                                                                                                              (9) 
 
where 𝐶`	Xa , 𝐶`	[Q-  and [𝐶`	cd)] are the measured molar concentrations of total dissolved 






                                                                                                                          (10)                                                                                                         
 
where qH is the hydraulic retention time, 𝑃°B is the initial or steady state influent conditional 
solubility product, 𝑃fB is the final or steady state effluent conditional solubility product and 𝑃lmB is 
the equilibrium solubility product at experimental pH. The value of the kinetic rate constant was 
found to be 4.2 h-1 while using a pseudo first order kinetics. In another study, precipitation kinetics 
in an anaerobic swine lagoon liquid was also studied using a first-order kinetics with respect to 
PO4-P concentration.75 The first order kinetic rate constants determined were: 3.7 h-1 at pH 8.4, 
7.9 h-1 at pH 8.7 and 12.3 h-1 at pH 9. 
In a study of seeded batch scale crystallization experiments,18 struvite crystal growth was 
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where dR/dt is the molar deposition rate with units of molar concentration per unit time (min), kR 
is the growth rate constant (mmol·m-2·min-1), CA is initial specific surface area (m2 per crystal 
volume L) of the seed crystals, m is mass of crystals at a certain time, mo is the initial mass of the 
added crystals and nR is an empirical exponent of fit. 85 mg of struvite seeds were used for the 
experiments in a 1 L solution. The seeds prepared and used were 30-50 µm in size. While a 
similar modeling approach for crystal growth of calcium sulfate has been shown,76 a number of 
assumptions are embedded in this method, including: minimal or no nucleation, minimal or no 
agglomeration of crystals and size independent growth.18 
While modeling multiple mineral precipitation in a wastewater treatment plant,77,78 the 
kinetic model for struvite precipitation was based on the expression: 
 
𝑟tuN]o = 𝑘tuN]o𝑋tuN]os;                                                                                                                 (12) 
 
where rcryst is the mineral precipitation rate (moles·L-1·h-1), kcryst is an empirical kinetic rate 
coefficient (h-1), Xcryst is the concentration of precipitate at any time t (moles·L-1), s is relative 
supersaturation and n is the order of the reaction (assumed to be 3 for struvite). For synthetic 
wastewater, the kinetic rate coefficient (3.2±1.0 h-1) was derived using a struvite seed crystal 
loading of 100 mg·L-1 and of size 30-50 µm.  
Recently, a precipitation model for struvite was proposed detailing the individual 
contributions of nucleation, growth and aggregation to the overall kinetic model. Through a 
modeling framework involving non-ideal solution thermodynamics, dynamic mass balance and 
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discretized population balance, the mechanisms of struvite formation were individually 
modeled.64,65 The power law relationships used were: 
 
𝐵w = 𝑘x 𝑆𝐼  {                                                                                                                                (13) 
 
𝐺 = 𝑘F 𝑆𝐼 ;|                                                                                                                                (14) 
 
b} = 𝑘b 𝑆𝐼
;b                                                                                                                                (15) 
 
where Bo is nucleation rate (#·L-1min-1), G is crystal growth rate (µm·min-1), b0 is size independent 
aggregation kernel (L·min-1), k is rate coefficient and n is the order of dependency. 
 
2.8 Limitations and concerns 
Different P removal and recovery techniques can be designed by understanding and 
leveraging the basic chemistry and kinetics of struvite formation. But optimizing process 
performance requires a deeper understanding of the interactions of process parameters and 
operational characteristics. Effects of pH, supersaturation, temperature, mixing intensity and co-
ions on struvite growth and kinetics have been explored individually to a large extent in the 
literature.14,15,48–51,60,79 But the design and optimization of full scale processes requires a dynamic 
understanding of the process parameters and operational characteristics, collectively, since all of 
them are in play, simultaneously.  
With an increase in extractive nutrient recovery installations, utilities are making big 
investments in side stream P recovery processes without a clear understanding of the true 
benefits of different designs and processes. Due to an increase in reactors utilizing struvite seeds 
for P recovery, effects of seed loading concentrations on P removal and recovery processes need 
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to be explored besides the combined interactions with pH/supersaturation and other factors. Plant 
savings associated with struvite precipitation reactors are highly sensitive to the ability to collect 
all of the struvite solids that are formed. Due to the seemingly simple but complex mechanism of 
struvite formation through different pathways, partitioning between secondary crystal growth on 
struvite and production of struvite fines needs to be better understood. Exploration of the tradeoffs 
between removal and recovery of P is of quintessential importance for the design of full scale 
processes. And lastly, modeling techniques which correctly capture the effects of dynamics and 






































MATERIALS AND METHODS 
 
3.1 Solution preparation 
Stock solutions of ammonium chloride (NH4Cl), magnesium chloride (MgCl2·6H2O), 
sodium phosphate monobasic monohydrate (NaH2PO4·H2O) (ACS grade; Amresco, USA), 
sodium phosphate dibasic (Na2HPO4) (ACS grade; Avantor, USA) and sodium phosphate tribasic 
dodecahydrate (Na3PO4·12H2O) (BioXtra, ³98%; Sigma-Aldrich, USA) were prepared using dry 
reagents and distilled water to imitate synthetic wastewater. The stock solutions were well mixed 
using magnetic stirrer plates and were diluted to the intended concentrations before use.  
 
3.2 Analytical methods 
The total phosphorous as phosphate in the solutions was analyzed using the 
Molybdovanadate Method with Acid Persulfate Digestion Test ’N TubeTM Procedure (Hach, USA). 
The samples were filtered through 0.22 µm filters (Durapore 0.22 µm PVDF Membrane Filter, 
item no. GVWP02500, EMD Millipore) before analysis to remove any suspended solids. The 
turbidity of the solutions was monitored using a Hach 2100Q Turbidimeter and assumed to directly 
correlate with the concentration of suspended fines in the solutions. A pH probe (Thermo Scientific 
Orion VERSA STAR, USA) was used to continuously monitor the pH of the solutions. All 
experiments were conducted at room temperature (21 °C – 23 °C) in a 1 L beaker. A mixing speed 
of 300 rpm was chosen due to its relevance to nucleation studies.18,49 
 
3.3 Induction time study 
Experiments were conducted to characterize the induction time for solutions at different 
values of supersaturation. Induction time for a supersaturated solution was defined as the time 
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taken for a pH drop of 0.05 from its initial value.18 These batch experiments were conducted using 
solutions prepared with and without the use of NaOH (1N) to reach a defined value of 
supersaturation, while maintaining the same concentrations of total phosphate, total magnesium 
and total ammonia in all solutions. Induction time has been shown to be primarily dependent upon 
supersaturation18,49,62 using the expression: 
 
log t = 	

(@A$ )%
	− 	B                                                                                                     (16) 
 
where tind (sec) is the measured induction time, S is supersaturation and A and B are empirical 
constants. The dependence of induction time on supersaturation for conditions of with and without 
NaOH was explored (Figure 5). Results indicated that the induction time was comparatively 
sensitive to the chemical addition of NaOH at lower values of supersaturation. It was observed 
that the addition of NaOH increases the rate of struvite fines production, especially at lower 
supersaturation (Figure 1). Increased rate of fines production with base addition may be attributed 
to the formation of localized zones of higher supersaturation due to incomplete mixing. The 
kinetics of phosphate removal was further studied by allowing the solutions to reach equilibrium 
without the use of base addition (NaOH) to reach or maintain a pH value. This was done to get 
rid of the bias due to chemical addition in terms of rate of struvite fines production or phosphate 
removal. 
 
3.4 Kinetic experiments 
Batch experiments were conducted to understand the impacts of seed loading and 
supersaturation on kinetics of phosphate removal and struvite production as fines. Experiments 
were conducted at initial superstations (Si) of 1.7, 2.1 and 2.4 across all seed loadings of 0 g·L-1, 
5 g·L-1, 15 g·L-1 and 25 g·L-1, in duplicates. Experiments at a seed loading of 10 g·L-1 and Si of 
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2.4 were also conducted to increase the confidence in evaluation of kinetic parameters at values 
of higher initial supersaturation. Struvite seeds used were 0.9mm (90 SGN) in size and were 
provided by Ostara. For all the experiments, chemical concentrations of the synthetic solutions 
were fixed at 209 mg·L-1 of PO4-3, 64 mg·L-1 of Mg+2 and 900 mg·L-1 of NH4+1. While ammonia was 
in excess, Mg:P ratio of 1.2:1 was chosen to maximize the purity of struvite precipitation.52 The 
phosphorus concentration used was typical of digestate and centrate and in range of the 
phosphorus concentrations entering full scale struvite recovery processes.17,80 The solutions were 
allowed to reach equilibrium and were sampled at different time points for phosphate and turbidity 
readings along the length of the experiment, which were run for 3 hours. At the end of the 
experiments, the struvite seeds were dried in an oven at 40°C for 48 hours so as to prevent any 
loss of water of crystallization from the struvite crystals.49 The seeds were weighed before and 
after the experiments to determine the weight of struvite solids that precipitated on the seeds.  
 
3.5 Calculations 






                                                                                                       (17) 
 
where {} represents the activity of any ion, Ksp is the thermodynamic solubility product and S is 
supersaturation. The value of Ksp used in this work was 5.49 ´ 10-14 (pKsp = 13.26).18,81 The values 
of equilibrium constants and heat enthalpies for dissociation of the different species considered 
were taken from literature.44,82 Van’t Hoff equation was used to correct the values of equilibrium 
constants for temperature variations and Davies equation was used to find the activity coefficient 
of different species in the solution. Since struvite was the only precipitating mineral, the decrease 
in concentrations of Mg2+ and NH4+ was assumed to be equal to the corresponding decrease in 
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PO43- concentrations. MATLAB was used to calculate the value of supersaturation and solve for 
the concentration of different ionic species at different time points along the length of the 
experiment. The interactions of the different ionic species and compounds considered in this study 
were22: Mg2+, NH4+, PO43-, MgNH4PO4·6H2O (s), H3PO4 (aq), H2PO4-, HPO42-, MgH2PO4+, 
MgHPO4 (aq), MgPO4-, MgOH+, NH3 (aq), H+ and OH-. 
 
3.6 Modeling analysis 
The values of the kinetic rate constant for phosphorus removal were derived using 
regression analysis of the fit between relative supersaturation and time (Figure 6). A pseudo-2nd 
order relationship with respect to relative supersaturation was used as ammonia was in excess 
concentration as compared to phosphate and magnesium. Experimental data prior to reaching a 
steady state was used to calculate the kinetic parameters as the solution reach equilibrium.75 The 
r-squared values of the fits for the pseudo-2nd order kinetics plots were greater than 0.90 except 
for one, which was 0.87. The validity of the predicted struvite mineral precipitation rate used in 
kinetic models was explored using the expression:77,78 
 
𝑟tuN]o = 𝑘tuN]o𝑋tuN]os;                                                                                                   (18) 
 
where rcryst is the mineral precipitation rate (moles·L-1·h-1), kcryst is the kinetic rate constant (h-1), 
Xcryst is the concentration of precipitate at any time (moles·L-1), s is relative supersaturation (s = 
S -1) and n is the order of the reaction. Supersaturation values from the experimental data were 
used to predict the mineral precipitation rate of struvite and were then compared with the actual 
observed mineral precipitation rate of struvite to calculate the residuals. The value of n was taken 
to be 3 and the value of Kcryst for struvite was assumed to be 3.2 h-1, as found for synthetic 
wastewater.77 The value of Xcryst was assumed to be constant throughout the length of all batch 
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experiments since the concentrations of struvite that precipitated in the experiments were 
negligible as compared to the concentrations of the struvite seed crystals (< 4.1%). Complete 
removal of total P was also predicted using mineral precipitation rates and compared with 
experimental observations. Kinetic rate constant (3.2 hr-1) for synthetic wastewater as found in 
literature and experimental values of initial supersaturation (Si) and seed loading were used to 









































RESULTS AND DISCUSSION 
 
4.1 Effects of supersaturation and seed loading on removal and recovery of P 
Phosphate removal in batch experiments was dependent on initial supersaturation (Si), 
not the mass of seed crystals in the reaction vessel, while fines represented the majority of struvite 
solids formed in all but 2 experiments (Si = 1.7 at 15 g·L-1 and 25 g·L-1) (Figure 2). The total 
phosphate removed in each batch experiment increased with initial supersaturation (Si), ranging 
from 0.22 mM (± 0.04) at the lowest initial supersaturation (Si = 1.7) to 0.84 mM (±0.03) at the 
highest (Si = 2.4), starting from an initial phosphate concentration of 2.2 mM as PO43- in all batch 
experiments (Figure 2 Left). But for a particular value of Si, the total phosphate removed was 
comparatively the same across different seed loadings. Fines were produced across all the batch 
experiments (Figure 2 Right). As seed loading was gradually changed from 0 g·L-1 to 25 g·L-1 for 
a particular value of Si, the percentage of struvite solids that precipitated on the seed crystals via 
secondary crystal growth, increased. But this increase was not linear. Increase in seed loading 
from 15 g·L-1 to 25 g·L-1 started to have a diminished impact on struvite solids distribution as Si 
was varied from 1.7 to 2.4. The diminishing returns on seed loading at higher Si can be attributed 
to the fast nucleation kinetics at higher Si which favorably promoted the generation of new struvite 
nuclei as compared to secondary growth on the existing crystals. At higher seed loadings of 15 
g·L-1 and 25 g·L-1, increase in Si from 1.7 to 2.4 led to a corresponding increase in the grams of 
struvite deposited on seeds per gram of seeds used (Figure 14). But for all the batch experiments 
conducted, the value of grams of struvite deposited on seeds per gram of seeds used was 
between 1.6 and 7.3 mg per gram. The mass of struvite that precipitated on the seed crystals also 
increased with an increase in Si for all values of seed loading concentration. But it was unclear if 
the increase was due to secondary crystal growth on the seed surface or 
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entrapment/agglomeration of struvite particles over time. Also, the mass of struvite that 
precipitated on the seed crystals did not scale proportionally to the phosphate removed, as Si 
increased. Similar effects of supersaturation in a calcite study have been observed where lower 
supersaturation led to lower removal and growth rates, while higher supersaturation promoted 
fines production though nucleation.83 
 
4.2 Effects of supersaturation and seed loading on kinetics and fines percentage 
The percentage removal of total phosphate associated with struvite fines was dependent 
on both seed loading and initial supersaturation (Figure 3A). Higher seed loadings and lower 
values of initial supersaturation maximized the secondary crystal growth process on the seeds 
while minimizing the production of suspended struvite fines in the solution. Higher recoveries of 
the struvite formed via secondary crystal growth on the seed crystals were observed at the cost 
of lower soluble phosphate removal due to slower removal kinetics. For example, the highest 
recovery of the struvite formed via secondary crystal growth on the seed crystals was 69.31% 
(±1.75) at a seed loading of 25 g·L-1 and initial supersaturation (Si) of 1.7 (Figure 2 Right). But the 
total phosphate removed at this condition was only 0.2 mM (Figure 2 Left). 
The kinetic rate of phosphate removal via struvite precipitation also exhibited dependence 
on both seed loading and initial supersaturation (Figure 3B). The greatest shift in the kinetic 
precipitation rate was observed during the transition from no seeds to a seed loading of 5 g·L-1 at 
the higher initial supersaturations (Si > 2.1). This shift in the precipitation kinetics of struvite due 
to introduction of seed loading can be attributed to the disruption of metastable region and an 
increase in secondary nucleation rates. Metastable region is the region between solubility and 
supersolubility curves where nucleation is suppressed and has only been studied for struvite 
without the presence of seed crystals.62,63,83 Metastable region can be characterized by a large 
induction time. The introduction of seed crystals decreased the induction time by a factor of 2.7 
when seed loading was increased from 0 g·L-1 to 5 g·L-1 at Si=1.7 (Figure 9). A solution which 
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exhibited signs of metastability started to behave as a supersaturated solution with faster 
nucleation kinetics on the introduction of seed crystals. An increase in supersaturation drives 
away the metastable region and promotes a faster rate of struvite production due to its inverse 
relationship with induction time (Eqn. 16). The kinetic rate constant appeared to saturate as seed 
loading was increased at higher values of initial supersaturation. Secondary induction time 
(presence of seed crystals) also showed a waning dependency on both seed loading and initial 
supersaturation (Figure 9). Our findings are in agreement with other studies which show that the 
rate of struvite mineral precipitation increases and the induction time decreases, on increasing 
the seed loading concentrations.84,85  
 
4.3 Engineering design implications 
Retention and capture of struvite fines should be a key parameter while evaluating the 
removal and recovery efficiencies of different process designs. The values of initial 
supersaturation used here represent a narrow pH range of 7.4 to 7.9, which is typical of digestate 
and centrate characteristics.80,86,87 These results highlight how fines can form when addition of 
chemicals (such as NaOH and MgCl2) to maintain struvite precipitation potential creates localized 
supersaturation gradients within the reactor. As capturing of struvite fines becomes harder,19–21 
once these suspended fines leave a struvite recovery reactor through the effluent, measuring the 
process efficiency in terms of soluble phosphate removal is misleading since these solids are not 
essentially captured. They have the potential to re-dissolve in the effluent and secondary 
treatment process lines under low pH or undersaturated conditions and disrupt the process by 
increasing the soluble phosphorous concentrations above what is expected. Struvite fines were 
observed in all our batch experiments under all conditions. Assuming the same is true for full 
scale reactors, recovery of fines will broadly dictate the struvite collection efficiency of a process. 
Utilities can better assess the potential for struvite fines production by analyzing the operational 
characteristics such as pH, supersaturation, seed loading of the different processes. By also 
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evaluating the influent feed compositions to be treated, utilities can make informed choices 
between different reactor and process designs. 
Optimization of struvite recovery at higher seed loadings and lower initial supersaturations 
could increase the residence time of phosphate removal systems because of the slowed removal 
kinetics (Figure 3). Ostara Pearl’s upflow fluidized bed reactors work at conditions of high seed 
loading and lower values of supersaturation (characterized by target pH values as low as 6.9 and 
7.2)21,66, thus maximizing the collection efficiency. But if struvite fines are produced, the potential 
for process disruption could increase because of the risks associated with fines washout from the 
reactors, such as decreased collection efficiency, economical losses and increased P recycle 
loads. From Ostara Pearl reactors, struvite product recovery as Crystal Green® can be obtained 
with a production rate of around 0.5 - 4 tons·day-1 and pellets of size 1 - 4.5mm.17,20 On the other 
hand, phosphate recovery through NuReSys works using a CSTR that operates at a high pH 
range of 8 - 8.5 (representing higher supersaturation assuming similar concentrations on 
inorganic P).9,17 Presence of higher supersaturation would promote a faster rate of struvite fines 
production. This would partially decrease the potential for secondary crystal growth to take place 
on the surface of seed crystals. But besides actual crystal growth, net agglomeration 
(agglomeration + breakage) of particles (fines and seed crystals) due to high mixing intensity 
could further promote better recovery of struvite as crystals. The crystallizer reactors in the 
NuReSys process recover struvite as BioStru® with a production rate of around 1.43 - 1.58 
tons·day-1 and pellets of size 1 – 3 mm.17,67 Removal efficiency of 85% which can be observed in 
Ostara Pearl and NuReSys processes17 were comparatively high as compared to the removal 
efficiencies of 10% - 38% found in this work. This was because full scale treatment processes 
maintain a constant level of supersaturation (via. chemical addition) to consistently drive the 
precipitation potential of struvite. In this study, the solution was allowed to reach equilibrium 
without maintaining a fixed level of supersaturation. 
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4.4 Precipitation kinetics and modeling 
The value of kinetic rate constant for struvite precipitation vary in the literature (Table 1). 
While fixed values of kinetic rate constant have been reported,15,48,88 an approach of assuming 
arbitrarily high values of kinetic rate constant for fast forming struvite mineral has also been 
advocated.77 Increasing values of kinetic rate constant with a corresponding increase in pH have 
been reported for experiments conducted using anaerobic swine lagoon liquid.75 The reason for 
the large range of kinetic rate constant (2.2 – 125 h-1) as reported in literature can partly be 
attributed to the variations in wastewater compositions, operating conditions and modeling 
techniques while calculating them. Presence of foreign and complexing ions (such as Ca2+, CO32-
, organic ligands, etc.) besides the constituent ions of struvite can lead to the disruption of 
phosphorus removal and struvite recovery process, even at the most favorable conditions, and 
effect the kinetic rate constants. Potential for precipitation of competing minerals (such as 
newberyite, amorphous calcium phosphate (ACP), CaCO3, MgCO3, dicalcium phosphate 
dihydrate, etc.) can further inhibit or promote struvite precipitation kinetics. Although our work did 
not have any competing ions or species in the solution and was free from the bias of chemical 
addition, the values of the kinetic rate constants were in range and similar to those observed by 
others. 
The kinetic modelling of struvite precipitation involves consideration of the various factors 
that influence the crystal growth rate of struvite in changing solution chemistries. The crystal 
growth rate of struvite has been defined using different approaches in the literature: power law 
correlation with relative supersaturation;22 dependence on concentration of precipitate and 
relative supersaturation;77 dependence on crystals mass ratio, specific surface area of crystals 
and relative supersaturation.18 While some have neglected or lumped the nucleation and 
aggregation kinetics into crystal growth rate expressions,18,22 others have individually 
characterized the kinetics of nucleation, crystal growth and aggregation using different 
expressions.64,89 Recently, a mineral precipitation approach for struvite using Eqn. (18) was used 
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while modeling a multi-species system with multiple mineral precipitation processes.77,78 Based 
on this kinetic modeling approach, plant-wide models for tracking P transformations and 
evaluating struvite precipitation in wastewater treatment systems are being built.90,91 In order to 
understand the efficiency of this approach in tracking kinetics of P removal (struvite precipitation), 
residuals for struvite mineral precipitation rate were explored at different conditions.  
Modeling equations with a constant value of the kinetic rate constant and a 1st order 
dependency on seed loading will severely over predict the mineral precipitation rate for struvite 
(Figure 4, Figure 13). The linear dependence of rate of mineral precipitation on seed loading does 
not accurately take into account the actual available surface area of seeds for precipitation. This, 
partially, leads to an over prediction of the mineral precipitation rate. The residuals plot obtained 
using experimental and model predicted data shows the vulnerability of the mineral seed loading 
(Xcryst) term in the kinetic expression. As the value of initial supersaturation and seed loading 
increases, the differences in experimental and modeling predictions also increase. The model 
based rates of mineral precipitation predict complete removal of the total phosphate (2.2mM) in 
all batch experiments within 7.8 mins (at 5 g·L-1, Si = 1.7) to 0.15 mins (at 25 g·L-1, Si = 2.4). This 
is in contradiction to our experimental results in (Figure 2 Left) which show only a partial removal 
of total phosphate even after 180 mins, across all seed loadings and initial supersaturations. 
Mineral seed loadings used in our batch experiments were comparatively higher as 
compared to other studies, such as 0.085 g·L-1, 0.1 g·L-1 in batch reactors18,77 and 0.9 g·L-1 in a 
fluidized bed reactor.62 Also, our batch experiments were conducted with seed size of 0.9 mm 
(sourced from working Ostara Pearl reactors) while others have worked with moderately lower 
seed sizes such as 53-297 um92, 250 um74 and 30-50 um18,77. Calibration of kinetic models using 
smaller struvite size particles does not reflect the reality of full scale phosphorus recovery 
processes where struvite crystals as large as 4.5 mm in size are produced. The seed loadings in 
reactors such as those of Ostara are also orders of magnitude high. A change in the available 
surface depending on the size and quantity of the crystals needs to be accounted for into the 
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kinetic modeling of mineral precipitation rate. Since ammonia is usually present in excess in 
digestate and centrate80,86,87,93,94, the modeling predictions for struvite mineral rate precipitation 
can also be improved by using a pseudo-2nd order relation with respect to relative supersaturation 
instead of a 3rd order dependency.  
A better approach while modeling struvite crystallization might be the individual 
characterization of nucleation, crystal growth, agglomeration and breakage. And, consideration 
of the relative dependencies on each other since these processes are simultaneous, not 
sequential. Unit processes of precipitation in physio-chemical models have been described using 
a Monod-style mineral rate expression that encompasses the different individual pathways of solid 
precipitation89 instead of lumping them together using a crystal growth model which is linearly 
dependent on a dynamic static variable77 (Xcryst). Lumping nucleation or fines kinetics into crystal 
growth rate expressions22 only makes sense if their presence is minimal. We observed that fines 
dominated struvite solids distribution for most of the batch experiments. Even for experiments 
conducted at metastable zone, significant primary nucleation was eventually seen. While 
supersaturation/pH is an important parameter for struvite crystallization,18,60 the potentially 






















Figure 1: Variation of pH (primary y-axis) and solution turbidity (secondary y-axis) with time for 







Figure 2: (Left) Total phosphate removal averaged across all the seed loadings (0 g·L-1, 5 g·L-
1, 15 g·L-1 and 25 g·L-1) for a particular value of initial supersaturation (Si). Error bars represent 
the standard deviations for the averaged removals. (Right) Distribution of struvite precipitation 
onto seed crystals (blue colored region) or as fines (red colored region) across different seed 
loadings for each corresponding value of initial supersaturation (Si). Error bars represent the 














Figure 3: (A) Percentage removal of total phosphate associated with the formation of struvite fines 
as a function of seed loading and initial supersaturation (B) Variation of the kinetic rate constant 
































Synthetic77 3.2 ± 1.0 
Piggery digestate77 12 ± 10 
Sludge digestate77 4.49 ± 1.3 








lagoon supernatant48 4.2 
Anaerobic swine 
lagoon liquid75,c 3.7, 7.9, 12.3 
This work 1.6 - 11.5 
 
aSludge digestate: high concentrations of total suspended solids were present (1118 gTSS·m-3, 4002 gTSS·m-3, 10959 
gTSS·m-3). bAnaerobic digested sludge liquor and UASB digester supernatant: presence and absence of high 
concentrations of particulate organics inhibited and promoted crystal growth, respectively. cAnaerobic swine lagoon 







Figure 4: Plots of mineral precipitation rate residuals versus seed loading for different initial 
supersaturation (Si) (Residual = Experimental value - Model Predicted Value). Filled circles are 
the average residuals for the first 3 sampling times and open circles are the residuals for the next 














Figure 5: Primary induction time (T, sec) for struvite precipitation characterized with respect to 
supersaturation (S) for conditions of (o) Without NaOH and ( ) With NaOH. The induction time 
























Figure 6: The kinetics of phosphate removal in batch experiments characterized using a pseudo-
2nd order relationship between relative supersaturation and time for different values of initial 






Figure 7: The concentration of the suspended struvite fines that did not precipitate on the seed 








Figure 8: Final solution turbidity as determined at the end of each batch experiment as a 








Figure 9: Plot of primary induction time (0 g·L-1) and secondary induction time (5 g·L-1 L,15 g·L-1 
and 25 g·L-1) demonstrating the relationship with different seed loading conditions at different 
values of initial supersaturation. Error bars represent the minimum and maximum values of the 







Figure 10: The plot shows the values of the kinetic rate constant across different seed loading 






Figure 11: Plot of the pH profile over time for different seed loading conditions of 10 g·L-1 ,15 g·L-
1 and 25 g·L-1 at the same values of initial supersaturation (Si = 2.4). The rate of struvite production 
is directly proportional to the rate of H+ ion production, which can easily be illustrated using pH. 
The pH profiles at initial supersaturation (Si) of 2.4 and seed loadings of 10, 15 and 25 g·L-1 
overlap with each other, indicating a similar rate of H+ ion production and thus, a similar rate of 
struvite production or phosphate removal. This helps demonstrates a saturation of the kinetic rate 






Figure 12: A 3-D filled contour plot showing the variation of (A) Percentage removal of total P as 






Figure 13: Plot of mineral precipitation rate residuals versus time for different seed loading 
conditions at a fixed values of initial supersaturation (A) Si = 1.7 (B) Si = 2.1 and (C) Si = 2.4 






Figure 14: Variation of grams of struvite deposited on seed crystals per gram of seed crystals 

































CONCLUSION AND FUTURE OUTLOOK 
 
These results show how variations in seed loading and supersaturation conditions can 
affect phosphate removal and struvite recovery, and their interdependencies on each other. 
Struvite formation was studied using experiments conducted at best case scenario. And yet, 
struvite fines were always observed in majority of the experiments. In real systems and reactors, 
foreign ions are always present and chemical addition is often used. These reaction and 
operational characteristics have the potential to disrupt the efficiency of the struvite collection and 
recovery process. Capital and operational costs, and the associated risks must be accounted for 
due to the formation, capture and loss of struvite fines before re-introduction into the biological 
process. The interaction of seed loadings and fines with foreign ions needs to be better 
understood to optimize reactor designs and operational conditions. Assumptions of minimal or no 
fines nucleation and lumping of mineral formation processes into a crystal growth model for all 
values of supersaturation and seed loading does not make sense. Characterizing the interactive 
dynamics of nucleation, aggregation, crystal growth and breakage, individually or in a Monod-
style dependency, might provide a more realistic modeling approach. Treatment processes that 
are designed with an emphasis on product quality and recovery, sacrifice treatment rate and 
removal efficiency of the process. And processes that are designed for achieving optimal removal 
kinetics risk poor collection efficiency and a lower density product. Cognizance of the operational 
parameters and their fine tuning relative to one another is of quintessential importance to traverse 
the design landscape for phosphorus removal and struvite recovery systems.  
In order to better understand the kinetics of fines and secondary crystal growth during 
struvite crystallization, future work should probably focus on using higher seed loading 
concentrations (0 - 500 g·L-1) and larger size struvite crystals (0.5 – 4.5 mm) to better characterize 
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full-scale P recovery processes. Because of the high seed loading concentrations, continuous 
feed experiments will have to be conducted instead of batch scale experiments. Addition of co-
ions such as Ca2+, CO32-, organic ligands, etc. in the influent should be followed to explore the 
effects on fines production and secondary crystal growth. Experiments with varying struvite crystal 
sizes and TSS concentrations can also be explored. Nucleation (or, struvite fines production) 
should be an integral part of modeling equations because of its ubiquitous presence in reactors. 
Instead of just one expression that characterizes lumped crystal growth, individual or partially 
lumped expressions for nucleation, growth, agglomeration and breakage might provide a more 
realistic control over modeling approaches. 
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